and thus not compatible with the preparation of tandem devices. Although there are strategies to prepare mesoscopic TiO 2 at low temperature, the easiest approach would be to use a planar perovskite device without mesoporous layer. [6] We recently demonstrated low temperature processed SnO 2 as electron contact in planar PSCs for tandem silicon-perovskite solar cell. [7] Although the efficiency of our tandem device was one of the highest reported, the top planar PSC was poorly performing compared to a mesoscopic TiO 2 based device. Therefore, to profit from using perovskite in tandem with other photovoltaic materials, planar devices need to be improved.
In planar PSCs, the crystallinity, morphology, thickness, and surface coverage of perovskite film are critical for the device performance. [8] Several methods have been proposed to prepare high-quality perovskite layer, such as spin-coating, two-step sequential deposition, and vacuum vapor deposition. [3, [9] [10] [11] [12] Even though the one-step spin-coating method enabled among the highest efficiencies, the perovskite films frequently showed poor surface coverage, which result in a reduced cell performance. [13] To overcome these issues, control of perovskite crystal growth and morphology has been widely investigated using several additives in the perovskite precursor solution. [14] [15] [16] Shahiduzzaman et al. made use of the low vapor pressure ionic liquid (IL) 1-hexyl-3-methylimidazolium chloride to control the film morphology by forming a uniform distribution of perovskite nanoparticles. [16] Moore et al.
demonstrated that methylammonium formate can be used as an additive to produce higher quality, crystalline perovskite films. [15] Although these studies suggested that adding ILs in the perovskite precursor solution may help to prepare better solar cells, there are currently no reports that implemented this strategy to improve state-of-the-art planar PSCs.
In this work, we demonstrate that ionic liquids enable the highest ever reported stabilized power conversion efficiency for a planar perovskite solar cell. We show that compact perovskite films with larger crystalline domain can be prepared from solution by adding particular ionic liquids, such as methylammonium formate, to the precursors. We demonstrate that larger crystalline domains result is a more effective charge collection and thus better photovoltaic performances. We propose an IL driven mechanism of crystallization as a new strategy to prepare highly efficiency planar perovskite solar cell.
Ionic liquids (ILs) are well known for their extremely low vapor pressure, which makes them non-volatile liquids. If added in small amount (few mol%) in the precursor solution, they remain in the perovskite film after all the solvent has evaporated during the annealing. [15, 16] For this study we focused on the IL methylammonium formate (MAF), owing to its affinity with the perovskite precursor methylammonium iodide (MAI). [17] The chemical structures of MAF and MAI are shown in Figure 1a . They have the same cation (methylammonium) and a different counter anion, formate (HCOO -) or iodide (I -). Since HCOO -is known to form metal-organic complex with Pb 2+ ,our working hypothesis was that the HCOO -influences the crystal growth of the perovskite interacting with Pb 2+ . [18] In Figure   1b , we depict a schematic view of the proposed mechanism: STEP To investigate the impact of the MAF on the crystal growth, we prepared perovskite precursor solutions with and without 5mol% of MAF. Perovskite films were prepared on SnO 2 deposited FTO substrates by spin coating the precursor solution in a nitrogen filled glovebox using the one-step anti-solvent method. [19] In Figure 2a we report the pictures of the perovskite films collected every 5s after posing the substrates on an hotplate at 100°C. It is evident that the film without MAF turns black earlier than the film with MAF. This simple experiment suggested that the crystal growth is slowed down by the presence of MAF. To look at the impact of the slower crystal growth on the film morphology, we collected scanning electron microscopy (SEM) images of the film surface after the annealing was completed (1 hour at 100°C). SEM images of perovskite films show that the average grain sizes are 170 nm and 325 nm without and with MAF, respectively. Therefore, a slower crystal growth induced larger average grain size. More interesting, we notice that the MAF inhibits the formation of grains smaller than 150 nm, which represent a great portion of the size distribution in the film without the MAF (see statistical distribution in Figure 2b ).
In order to investigate the impact of the MAF on the crystal structure of the perovskite, Xray diffraction (XRD) patterns were collected from perovskite films with and without MAF on SnO 2 substrates. The XRD spectra in Figure 3a show that the MAF mediated perovskite is rather similar to the non-MAF film. This indicates that the HCOO -does not induce polymorphism or variation of the crystal lattice, even if it has a large influence on the perovskite film morphology, as shown in Figure 2 . Furthermore, the fact that the diffraction pattern is the same, despite the size of HCOO -being larger than I -(HCOO -249 Å > I -220 Å),
suggests that HCOO -is not incorporated in the perovskite crystal lattice. [17, 20] It is interesting to note that the intensity of the peaks (112), (211), (202) and (224) relative to the intensity of the (110) peak (inset Figure 3a) is significantly higher in the film without MAF. This indicates a preferential crystal growth of (110) crystallite in presence of MAF. This result supports the change in morphology we observed with the SEM imaging, which showed that MAF induces larger grain size along the plane of the substrate (see Figure 2b and SI).
Planar perovskite solar cells (PSCs) with and without MAF in perovskite precursor solution were prepared on compact SnO 2 , following the procedures previously reported by Baena et al. [21] Figure 4a displays the current density-voltage (J-V) curves of the best PSCs with the corresponding metrics reported in Table 1 . The data show that MAF improves the short circuit current density (J sc ) by 1 mA cm -2 . This is confirmed by the incident photon-to-current efficiency (IPCE) in Figure 4b . We notice that with and without MAF the integrated current density is lower than what is measured from the J-V curves. This trend has been systematically observed also from other groups, and it can in part be attributed to a small spectral mismatch between the solar simulator and the standard AM 1.5 G emission. [19, 22] In Figure 4c we reported the statistical analyses (box plot) of the maximum PCE collected from 7 independent devices, which confirmed the improvement with MAF. To rule out the impact of the hysteresis on the estimated PCE, we tracked the device maximum power output for 5 minutes in order to extract the stabilized maximum PCE. Figure 4d displays that the PCE stabilizes after about 50s to 18.9% for the control and 19.5% for MAF device (see Table 1 ),
confirming the values extracted from the J-V curves in Figure 4a . We want to highlight that our best control device matches the highest reported stabilized PCE for planar PSCs (~19%). [23, 24] Therefore, with MAF we are improving the state-of-the-art, reaching a new record for planar PSC with 19.5% stabilized PCE.
In order to investigate the origin of the improved performances with the MAF, we performed intensity modulated photocurrent spectroscopy. [25] In Figure 5 , we report the imaginary component frequency spectra of the current response to the light intensity modulated (10% of the stationary value) around 100 mW cm -2 for devices with and without MAF. The spectra show three main features, which have been already reported by Baena et al. for similar planar PSCs. [26] The peak at low frequency (0.1 Hz -100 Hz) has been correlated to the resonant frequencies of the ions and ion vacancies migration within the perovskite lattice. Here, we note that the peak of the MAF device is shifted towards higher frequency, indicating a faster ion migration. This is in line with the trend reported by Baena et al., who demonstrated ions migrating faster in perovskite films composed of larger grains.
Moving to higher frequency, there are two more peaks that have been assigned to the resonant frequencies of the charge dynamics within the perovskite and the other device components, such as the hole and the electron transporting layers. While the peak at highest frequency (fast charge dynamics) is rather similar with and without MAF, the peak at intermediated frequency (1 kHz -100 KHz) is clearly visible only in the control and almost vanishes in the MAF device. As we have previously shown, this peak provides information on the slow charge transport dynamics within the device. [27] The fact that its intensity is significantly lower suggests that the slow charge transport pathways are inhibited by the MAF. This behavior correlates with the crystal size distribution we presented in Figure 2b , where we showed that MAF reduces the formation of grains smaller than 150nm, which represent a great portion of the size distribution in the film without the MAF. The cross-sectional SEM images (see SI) of a perovskite film with MAF shows that larger grains can cross the whole thickness of the perovskite film, thus forming a sort of local single crystalline devices. The charge transport through a single crystal is significantly faster than through the grain boundaries of a polycrystalline film. [28, 29] Therefore, inhibiting the formation of small crystals eliminates the slow charge transport pathways, which results in better device performances.
In conclusion, we reported planar perovskite solar cells with a record stabilized power conversion efficiency of 19.5%. We demonstrated that controlling the grain size distribution within the perovskite film is crucial to improve the state-of-the-art device. We made use of a specific ionic liquid, methylammonium formate, to retard the perovskite crystal growth in order to form a compact layer with larger grain sizes. XRD analysis showed that MAF induces a preferential growth of the perovskite crystals along the plane of the substrate.
Planar perovskite solar cells prepared with MAF exhibited more effective charge transport, which results in higher power conversion efficiency compared to the state-of-the-art devices.
Using ionic liquids to control the morphology of the perovskite film is a simple, general and effective method to enhance the efficiency of planar perovskite solar cells. Further advances are expected from using other ionic liquids that can selectively interact with the different elements composing the perovskite crystals.
Experimental methods
Chemicals and Reagents. All reagents except methylammonium formate and solvents were purchased from commercial sources and used without further purification unless otherwise noted.
Chemical characterization. 1H NMR spectra were obtained using a Bruker spectrometer (400 MHz) is reported in ppm using DMSO-d as an internal standard. X-ray powder (XRD)
diagrams were recorded on an X'Pert MPD PRO (Panalytical) equipped with a ceramic tube (Cu anode, λ = 1.54060 Å), a secondary graphite (002) monochromator and a RTMS X'Celerator (Panalytical).in an angle range of 2θ = 10° to 40°.
Methylammnonium formate (MAF) was synthesized using a previously reported procedure. [17] CH3NH3(HCOO) was synthesized by dropping slowly 6 mL of formic acid light scattering through the sides. Intensity modulated photocurrent spectroscopy was performed using Autolab PGSTAT302N according to procedures previously reported. [25] Supporting Information Supporting Information is available from the Wiley Online Library or from the author. 
